ABSTRACT Since the widespread use of hypothermic potassium cardioplegia began, marked reductions in perioperative mortality and the rate of Q wave-associated myocardial infarctions have been noted. No study to date has evaluated whether there has been an equally dramatic improvement in the incidence of postoperative myocardial infarctions unassociated with Q wave development. We used a previously validated quantitative two-dimensional echocardiographic analytic algorithm to determine the incidence and severity of regional wall motion abnormalities (RWMAs) and first-pass radionuclide ventriculography to assess deterioration in global left ventricular function in the four following groups of patients (total n = 65): (1) those with peak postoperative creatine kinase (CK)-MB levels equal to or less than the mean value for patients undergoing coronary artery bypass surgery at our institution (n = 10), (2) those with CK-MB levels between the mean and 1 SD above the mean (n = 10), (3) those with peak CK-MB levels higher than 1 SD above the mean (n = 25), and (4) those with new pathologic Q waves on the postoperative electrocardiogram (n = 20). All patients had electrocardiograms without pathologic Q waves and normal wall motion and ejection fraction by contrast ventriculography before surgery. The incidence of postoperative RWMA by two-dimensional echocardiography for groups 1 through 4 was 0%, 20%, 55%, and 89%, respectively. Percent of abnormal left ventricular segments, wall motion scores, and the deterioration in left ventricular ejection fraction as assessed by radionuclide ventriculography were similar for patients with new RWMAs whether or not new Q waves developed (p = NS for all). In summary, although the incidence of both Q wave and non-Q wave perioperative myocardial infarctions appears to have declined significantly with the use of cold potassium cardioplegia, the incidence of non-Q wave infarction remains high and in this study was calculated to be three times greater than the 4.5% incidence of Q wave infarction. Furthermore, the impact of these non-Q wave myocardial infarctions on left ventricular function is significant and equal to that of Q wave infarctions. Future evaluations of methods of myocardial preservation should include analyses of regional left ventricular function designed to identify these patients. Circulation 72, No. 4, 781-789, 1985. MYOCARDIAL PRESERVATION with hypothermic potassium cardioplegia (cold cardioplegia) has been a major factor in the decline in perioperative mortality and Q wave myocardial infarction seen since the advent of coronary artery bypass surgery (CABG) and specificity was 80%. In the present study, we applied this system of analysis to 65 patients undergoing CABG to determine the incidence of perioperative RWMAs unassociated with new Q waves on the electrocardiogram. We also compared the effects of these RWMAs on regional and global left ventricular function with those in a group of patients with Q wave-associated perioperative myocardial infarction.
However, there may be a risk of significantly underestimating remaining problems with respect to preservation if mortality or statistics on Q wave infarction alone are examined.`4 In a study done before cold cardioplegia was used, Bulkley and Hutchinss reported that over 80% of patients with perioperative myocardial infarction did not develop pathologic Q waves on the electrocardiogram, even when transmural necrosis was seen at postmortem examination. Similarly, contrast ventriculographic studies done before cold cardioplegia was used showed new postoperative regional wall motion abnormalities (RWMAs) in 2.3 to 5.5 times as 781 many patients as those developing pathologic Q waves6- 8 Similar studies have not been performed since the use of cold cardioplegia has become widespread.
Thus, although cardioplegia has dramatically reduced the incidence of Q wave myocardial infarction, the effect it has had on the incidence of deterioration in regional function due to non-Q wave myocardial infarction is not known. Furthermore, neither the extent of these regional abnormalities nor their effects on global left ventricular function have been examined
adequately. This may be due to the lack of adequate noninvasive methods of regional wall motion analysis.
In the perioperative period, current methods have been unable to differentiate the normal apparent septal hypokinesis seen in most patients undergoing uncomplicated CABG from that due to infarction.9-17 In a prior study we evaluated a quantitative two-dimensional echocardiographic analytic algorithm for wall motion using a floating-axis system and found it to be a reliable method for analyzing regional left ventricular function, including that of the interventricular septum. ' 8 Subsequently we found it to be accurate at differentiating patients with perioperative Q wave myocardial infarction from patients undergoing uncomplicated CABG.19 Sensitivity of the method was 88% and specificity was 80%. In the present study, we applied this system of analysis to 65 patients undergoing CABG to determine the incidence of perioperative RWMAs unassociated with new Q waves on the electrocardiogram. We also compared the effects of these RWMAs on regional and global left ventricular function with those in a group of patients with Q wave-associated perioperative myocardial infarction.
Methods
Patient selection. Only patients with no documented history of a prior myocardial infarction who were scheduled for CABG surgery were considered eligible for study. Patients undergoing concomitant valve replacement or aneurysmectomy were excluded. The electrocardiograms of all subjects were reviewed and patients with preexisting pathologic Q waves (>0.04 sec in duration) were excluded. The preoperative contrast ventriculograms (done no more than 3 months before surgery) were reviewed and only patients with normal regional wall motion, by the consensus of three observers, and global ejection fraction greater than or equal to 55% were considered eligible. After CABG, all perioperative electrocardiograms were reviewed and patients who survived for 24 hr after surgery and who did not develop new pathologic Q waves were divided into three groups based on the peak creatine kinase (CK)-MB isoenzyme level. We had previously determined the mean and SD of peak CK-MB at our hospital to be 92 + 49 IU/liter by reviewing the data on a consecutive series of 106 patients who underwent CABG without developing new Q waves. Group 1 was defined as those patients with peak CK-MB between 0 and 92 IU/liter. The peak value for group 2 patients was between 93 and 141 IU/liter and that for group 3 patients was greater than 141 lU/liter. The final group studied, group 4, was composed of those patients who developed new pathologic Q waves in the perioperative period.
Before the commencement of the study we established goals with regard to the number of patients from each group that would be included in the study because we wished to avoid studying large numbers of patients with high probabilities of having normal postoperative wall motion. Accordingly, based on data from our prior studies.'8 19 our goal was to include 10 patients from group 1, 10 patients from group 2, 25 patients from group 3, and 20 patients from group 4.
Surgical technique. All patients underwent cardiopulmonary bypass at a systemic temperature of 250 C. The left ventricle was vented through the right superior pulmonary vein. Distal bypass graft anastomoses were performed during one period of aortic cross-clamping. Myocardial preservation was achieved with cold (40 C) potassium crystalloid cardioplegia administered through the aortic root and through the free ends of the grafts immediately after the distal anastomoses were completed. Topical hypothermia was produced with iced saline slush. Myocardial temperature was continuously monitored in the interventricular septum anteriorly in all patients and was maintained below 150 C throughout the period of aortic cross-clamping. The proximal anastomoses were performed with an aortic sidebiting clamp while the patient was being rewarmed. In all patients segments of reversed saphenous vein were used exclusively. The For the apical four-chamber view the following segments were defined8 19: basal septal, apical septal, apical, apical lateral, and basal lateral. The apical two-chamber view was similarly divided into anterobasal, anteroapical, apical, inferoapical, and inferobasal segments. The mean percent area shrinkage was determined for each region. Hypokinesis was defined as mean percent area shrinkage more than 2 SDs below the mean value for a group of normal subjects studied previously. '9 A wall motion score was generated for each patient, based on the number of regions involved and the severity of the abnormality, with a modification of the method of Heger et al. 24 Akinesis was defined as mean percent area shrinkage for a segment of between -10% (that is, 10% systolic expansion of the area) and +10%, and was given a score of 2. Dyskinesis was defined as systolic expansion of the area of more than 10% and was given a score of 3. Hypokinesis was a mean percent area shrinkage of between +10% and 2 SDs below the normal mean'9 and was assigned a score of 1. Normal area shrinkage was scored as 0. Total score was derived by multiplying the number of dyskinetic segments by 3, akinetic segments by 2, and hypokinetic segments by 1 and adding the total. The score for the apical segment was derived by taking the mean of the score in apical four-and two-chamber views. Because normal apical endocardial motion can be minimal9 95 and we wanted to minimize false-positive results, isolated apical hypokinesis was not considered abnormal.26 Isolated apical akinesis or dyskinesis and apical hypokinesis in association with other regional abnormalities were considered abnormal and were scored accordingly.
To assess the probability that our patient selection criteria might have failed to exclude some patients with abnormal preoperative two-dimensional echocardiograms. we applied this echocardiographic analysis system to 15 eligible patients before CABG. Eleven (73%) had complete studies. Of these, two (18%) had a regional abnormality by quantitative two-dimensional echocardiography (a specificity of 82%). In both of these, the abnormality was mild hypokinesis involving only one segment (wall motion score = 1).
Radionuclide ventriculography. First-pass radionuclide ventriculography was performed during the week before surgery and again 10 to 14 days after surgery. Details Statistical analyses. Differences between groups with respect to the frequency of an event were determined by the multiple chi-square analysis. Presence of significant differences between multiple groups was determined by analysis of variance and the modification of Tukey's method for unequal sample sizes. When comparisons involved only two groups, significance was determined by the t test for independent means. Variability. Variability in the process of identifying the long axis of the ventricle was examined previously. '8 When two observers identified the long axis of the same diastolic and systolic endocardial outline, the interobserver difference in mean percent area shrinkage was 4% and 3% for the septum and lateral walls, respectively. Variability in our method of tracing endocardial outlines has also been examined.'9 10 Correlation coefficients for mean percent area shrinkage ranged from .88 to .97 for various regions of the ventricle and SEEs were less than 6% (intraobserver) and 9% (interobserver). These analyses were not repeated.
Results
Patient population. Preoperative characteristics of the four groups were similar. Ejection fraction by contrast angiography (69 ± 5%, 63 ± 8%, 68 + 6%, 67 + 8% for groups 1 through 4, respectively) and mean number of vessels diseased (2.5 ± 0.7, 2.9 + 0.4, 2.7 ± 0.7, 2.7 + 0.6 for groups 1 through 4) were not significantly different. The patients in groups 1 through 3 were enrolled over a 16 month period and those in group 4 were enrolled over a 34 month period. Eighty patients (58% of all eligible patients) had a peak CK-MB of 92 IU/liter or less. Ten of these were randomly chosen for entry into the study. Thirty-two patients (23% of all eligible patients) had a peak CK-MB of 93 to 141 IU/liter and 10 of these were also selected. All 20 of the patients from groups I and 2 survived to undergo two-dimensional echocardiographic examination. All 25 group 3 patients (18% of all eligible patients) were entered into the study, but two were transferred to another institution and one died before undergoing two-dimensional echocardiographic examination. Thus, 22 or 88% of all eligible group 3 patients were studied. All eligible group 4 patients were entered into the study; one died and the remaining 19 (95%) underwent two-dimensional echocardiographic examination. The overall incidence of Q wave perioperative myocardial infarction during the 16 month period was 4.5%. The new Q waves were located in anterior leads in eight patients, the inferior leads 783 in seven, the lateral leads in one, the inferior and lateral leads in two, and the anterior and inferior leads in two.
Complete two-dimensional echocardiographic examinations technically adequate for quantitative analysis were obtained for 79% of patients with new Q waves and 83% of those without new Q waves on the electrocardiogram. Studies in patients in group I were performed 12.2 ± 3.7 days after surgery, those in group 2 were performed at 12 ± 5.9 days, those in group 3 at 13.6 ± 6.8 days, and those in group 4 at 13.5 ± 4.8 days (p = NS). A large pericardial effusion was present on the initial study in one group 3 patient, but since the effusion had partially resolved to moderate size by the time of the follow-up study, data from the patient were included in the analysis. Seven Global left ventricular function. Changes in global left ventricular function were assessed by changes in ejection fraction from before to after surgery by radionuclide ventriculography. Before surgery the mean ejection fractions for the four groups were not significantly different and ranged from 50 ± 6.5% for group 1 to 53.5 ± 7.5% for group 3. All values were equal to or greater than 44%. Figure 3 is a plot of the change in ejection fraction in (1) patients without new Q waves and normal regional wall motion after surgery, (2) patients without new Q waves but with abnormal regional wall motion, and (3) patients with new Q waves and abnormal regional wall motion. Mean deterioration in ejection fraction for the patients without new Q waves but with a regional abnormality (8.9 10%)
was not significantly different from that in the Q wave group (6.7 ± 10.7%). Both of these values are signifi- dioplegia was used) that examined this question68
found that the incidence of deterioration in wall motion without associated Q waves on the electrocardiogram was 2.3 to 5.5 times greater than the 6.2% to 15% incidence of Q wave myocardial infarction. In summary, use of hypothermic cardioplegia has dramatically reduced the incidence of Q wave infarction. However, contrast ventriculographic studies with adequate numbers of patients analogous to the ones referenced above have not been done since the use of cold cardioplegia has become widespread. Thus, it is not clear whether the newer preservation technique has similarly reduced the occurrence of left ventricular regional dysfunction unassociated with Q waves on the electrocardiogram, which seemingly is a more common outcome of inadequate preservation than is Q wave infarction.
There are several reasons for this lack of data. Since suboptimal preservation presumably occurs infrequently, prohibitively large numbers of consecutive (unselected) patients would need to undergo contrast ventriculography -a procedure that investigators are hesitant to do and patients are equally hesitant to undergo in the perioperative period -to collect a series of adequate size to draw meaningful conclusions. Thus, Raabe et al.45 studied 50 consecutive patients but found only eight with RWMAs. Although noninvasive techniques would be ideal, regional wall motion analysis with' radionuclide ventriculography has been limited by its inherent fixed external-frame-of-reference system, which cannot correct for the exaggerated anteromedial systolic translation of the postoperative heart.9 17-1? Consequently there is false enhancement of lateral wall motion and false hypokinesis of septal segments, as noted in comparison with systolic thickening data. 18 We used a quantitative two-dimensional echocardiographic analysis system that has been evaluated in two previous reports. 8x 19 This method used an internal frame of reference or floating-axis system that corrected for the exaggerated postoperative systolic translation of the heart. Thus, regional endocardial motion closely reflected regional systolic function as measured by systolic thickening analysis. ' In the present study we again detected RWMAs in a high percentage of patients (89%) with new pathologic Q waves. In the patients without Q waves, the risk of developing a new wall motion abnormality increased with higher peak CK-MB values. To extrapolate an overall incidence of new RWMAs unassociated with new Q waves, the percentage of all CABG patients falling into each group during the 16 month period of the study can be multiplied by the observed incidences of wall motion abnormalities within each group. Thus, the expected incidence of RWMAs without new Q waves would be 14.4% (with a standard error of 3.5%) of 3.2 times the incidence of Q wave myocardial infarction. This relative incidence is similar to that reported in the contrast ventriculographic studies done before the advent of cold cardioplegia,'8 although absolute incidence is markedly lower. Thus, improved methods of preservation appear to have reduced the occurrence of non-Q wave myocardial infarction in parallel with the reduction in Q wave infarction so that absolute incidence has dropped significantly but relative incidence remains high. These data confirm the suspicions of Conti et al.2 and others3 4that a measure more sensitive than ones employed previously must be used to evaluate new methods of preservation.
To ensure that the observed incidence of non-Q wave infarction was not due to minor amounts of hypokinesis, we examined the effects of the non-Q wave myocardial infarction on regional and global ventricular function. Previous studies examining this question have been limited by the use of highly nonspecific electrocardiographic criteria for patient selection46 qualitative assessment of contrast ventriculograms,46 nonblinded reviewers,47 study patients with unusual distributions of location of infarction,47 and small study populations. 48 In general, however, results of these studies have suggested that the effects on left ventricular function of both non-Q wave and Q wave infarctions are minimal. Our results differ significantly. We found that not only are the effects on regional and global left ventricular function similar, but also that they are important in the majority of patients. We detected no difference between Q wave and non-Q wave infarction groups with respect to any parameter of regional or global function, and the ejection fraction of 43% in patients with new wall motion abnormalities deteriorated by at least 10%. Given that in patients with no evidence of myocardial infarction ejection fractions increased by a mean of 6%, this is a significant decline.
Limitations. The first potential question is whether our results can be generalized to patients being treated CIRCULATION at other institutions. Several factors argue that they can. First, the graft patency rates (80% at 1 year) for series of patients at our institution49 50 are equivalent to those reported by others.5'5 Second, the perioperative rate of Q wave infarction during the time of our study of 4.5% is similar to the overall rate of 3.8%1 and the rate of 6.4% for the randomized subgroup in the Coronary Artery Surgery Study. 55 Since results with respect to these two easily identifiable outcomes of operative therapy are comparable to those at other institutions, there is no reason to suspect that marked variances in other aspects of operative and postoperative care exist.
The second limitation of our study is the lack of preoperative two-dimensional echocardiograms on our patients. Thus, the possibility that patients with preexistent wall motion abnormalities were entered into the study is raised. Given the stringent entrance criteria of no pathologic Q waves on the electrocardiogram and normal wall motion and ejection fraction by contrast ventriculography, we believe this is unlikely. To confirm this we analyzed two-dimensional echocardiograms from 15 preoperative patients who met our entrance criteria. Although 18% had a regional abnormality as assessed by quantitative two-dimensional echocardiography, the abnormalities were minimal (mild hypokinesis of one segment). Thus, it seems unlikely that many patients with preexisting significant RWMAs would have been studied. Finally, our results may have been affected by the timing of the echocardiographic examinations, which were performed a mean of 13 days after surgery. Regional and global left ventricular function may not necessarily be stable over time in this patient population. Quantitative data on the evolution of regional contraction abnormalities in man after acute myocardial infarction are very limited. It is clear that global left ventricular function may change significantly in individual patients during the first year after nonoperative acute infarction.5660 For these patients as a group, however, ejection fraction changes very little during this time.5 0 Postoperative changes in ventricular function do occur over time and may be related to perioperative alterations in preload and afterloadi' diastolic compliance 62 sympathetic nervous system activity,63 64 and potentially to the resolution of intraoperative or preoperative ischemia.65 Global ejection fraction decreases very early after CABG, but then improves to near preoperative levels by the first postoperative week.66 67 Minimal further improvement may occur over the next year.6' Thus, a greater incidence and severity of RWMAs might have been observed if studies had been performed during the very early postoperative period. Extrapolation from data on nonoperative acute infarction suggests that it is unlikely that any substantial improvement in wall motion would have been observed if studies had been performed at late follow-up.
In conclusion, hypothermic potassium cardioplegia has certainly reduced the incidence of perioperative Q wave myocardial infarction, and appears to have reduced the incidence of RWMAs without associated Q waves on the electrocardiogram (non-Q wave infarction) to a similar degree. However, non-Q wave infarction remains roughly three times more common than Q wave infarction, and half of the patients with non-Q wave infarcts will have a significant deterioration in ventricular function. Our findings indicate that evaluations of newer techniques of myocardial preservation should include a method that allows prospective quantitative analysis of regional left ventricular function.
